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Project Summary
Ice shelves respond quickly and profoundly to a warming climate. Within a decade after mean
summertime temperature reaches -0°C and persistent melt ponding is observed, a rapid retreat and
disintegration occurs. This link was documented for ice shelves in the Antarctic Peninsula region
(the Larsen 'A', 'B', and Wilkins Ice shelves) by the results of a previous grant under ADRO-1.
Modeling of ice flow and the effects of meltwater indicated that melt ponding accelerates shelf
breakup by increasing fracture penetration. SAP, data supplemented an AVHRR- and SSM/I-based
image analysis of extent and surface characteristic changes.

This funded grant is a revised, scaled-down version of an earlier proposal under the ADRO-2 NRA.
The overall objective remains the same: we propose to build on the previous study by examining
other ice shelves of the Antarctic and incorporate an examination of the climate-related
characteristics of landfast ice. The study now considers just a few shelf and fast ice areas for study,
and is funded for two years. The study regions are the northeastern Ross Ice Shelf, the Larsen 'B'
and 'C' shelves, fast ice and floating shelf ice in the Pine Island Glacier area, and fast ice along the
Wilkes Land coast. Further, rather than investigating a host of shelf and fast ice processes, we will

home in on developing a series of characteristics associated with climate change over shelf and fast
ice areas. Melt ponding and break-up are the end stages of a response to a warming climate that
may begin with increased melt event frequency (which changes both albedo and emissivity
temporarily), changing tim backscatter (due to percolation features), and possibly increased rifting
of the shelf surface. Fast ice may show some of these same processes on a seasonal timescale,

providing insight into shelf evolution.

Activities during Year 1
Monitoring of critical shelf areas continued using MODIS and AVHRR data, with supplemental
images provided by Landsal 7, IKONOS, and the Radarsat RAMP 125-meter and 25-meter
mosaics. The regions may be viewed, and images downloaded, at the NSIDC site at
http://nsidc.org/iceshelves_images/index.html.

In February of 2002, a new cycle of retreat was noted in the Larsen B shelf, following indications of
exceptionally warm temperatures in the Peninsula during the preceding months. Comparison of
MODIS images from January 31 and February 17 indicated that several hundred square kilometers
had rapidly calved, in the ch_'acteristic 'splinter' style of rapid ice shelf retreat. By March 17, over



3200km2 of the shelf hadbeenlost, essentiallyall of theshelf north of the line betweenCape
DisappointmentandtheJasonPeninsula.

The event provided an opportunity to re-examine the model of ice shelf retreat proposed by the PIs
for this grant and Dr. Mark Fahnestock. The attached manuscript (written for SCIENCE but
rejected; a revised version is accepted for Antarctic Research Series) details the work.

The most important result from this study is the identification of a relationship between ice shelf
winter radar backscatter and the summertime melt season length that appears to be capable of

identifying ice shelves on the verge of collapse. The basis for the relationship is that backscatter
(determined from the RAMP 25m 1997 mosaic) increases with increasing seasonal melt, as

meltwater seeps down into the firn and re-freezes. However, as the firn begins to saturate with ice
(associated with longer and longer melt seasons, determined from passive microwave study),
backscatter drops, due to the development of a smooth surface ice layer that specularly reflects the
radar energy. This impermeable layer is a first requirement to support extensive melt ponding. The
presence of melt ponds is key to breakup of the ice shelves, essentially representing a stored
potential energy available for fracturing.

The grant also supported work related to a second paper, led by Dr. Douglas MacAyeal, that
investigated the mechanism behind the catastrophic 'disintegration' portion of the breakup, i.e. the
few-day period when the seemingly-integrated ice shelf becomes a large mass of separated bergs.
This manuscript has been accepted by Journal of Glaciology.

In addition to ice shelf study, the grant funded planning activities for investigation of fast ice areas
along the Wilkes land coast. Dr. Robert Massom is the co-investigator for this portion of the grant.
Dr. Massom visited NSIDC for three weeks at the end of September, 2002, just after year one, but

funded by the first year travel support money. This collaboration focussed on identifying MODIS
and MISR images and algorithrns that may be used to classify fast ice.

We continue to gather ice velocity data sets and ice elevation data in support of the two RAMP
mappings. Additionally, the NSIDC P! attended two MAMM planning meetings, providing input
on science objectives for the second mission.

Plans for Year 2
We will continue to monitor shelf areas and investigate the past history of other areas in Year 2.

Further, we plan to submit a revised version of the Science manuscript that focuses on the melt-
length/backscatter relationship and identifies key regions around the Antarctic that may be

susceptible to breakup.

We also plan to conduct a major effort towards the fast ice analysis effort in Wilkes Land, during
both Year 2 and a one-year extension of the grant. The extension will facilitate participation in a
science cruise planned by the University of Tasmania and the Australian Antarctic Division in
September- November 200:3 using the Aurora Australis. The cruise is scheduled to visit an
extensive fast ice area near Dumont D'Urville Station, making several in situ measurements.



Submitted to Science, June 7, 2002

Climate-induced Ice Shelf Disintegration in Antarctica

Ted Scambos*, Christina Hulbe', and Mark Fahnestock _

Warming in the Antarctic Peninsula has caused the disintegration of several ice

shelves. Loss of the northern Larsen B ice shelf in early 2002 typifies the pattern and

pace of these events. Fracturing driven by meltwater occurs during extended melt

seasons, leading to disintegration. Breakups over the last 20 years, coupled with

prior stability over several millennia, show Peninsula climate is at its warmest now.

Climate stability of ice shelves that ring Antarctica can be assessed using indicators

that presaged Peninsula breakups, such as meltwater ponding. Disintegration via

melt-driven fracturing occurs quickly once climate warms to the point of melt

ponding.

Previous studies have ,=onsidered the climatic limit of ice shelves (1, 2) and the possible

role of meltwater in ice shelf breakup (3-5), but the rapidity of ice shelf retreat in the

Peninsula, particularly the events of 1995 and 2002, has been a continuing surprise (Fig.

1). Although some Peninsula ice shelves have been retreating since the early 1970s and

before (the Wilkins and George VI shelves), beginning about 1986 an increased rate of

retreat was observed for all the northernmost ice shelves on the eastern and western

Peninsula coast (Fig. 2) (6-9). Early retreat events were small, trimming a few kilometers
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off the fronts of the shelves in warmer summers. However, a series of warm summers

throughout the Peninsula in the 1990s precipitated larger, more catastrophic events.

In late January 1995, the Prince Gustav and Larsen A ice shelves disintegrated over the

course of just a few days (10, 11). These shelves had slowly lost more than half of their

historic extent prior 1o this event. The event introduced a new pattern of ice shelf

disintegration, in which hundreds of square kilometers (1550 km _"total) of shelf rapidly

disaggregated to sliver-shaped, few-kilometer to sub-kilometer icebergs. Although

similar patterns of shelf retreat had occurred before (12), the Larsen A event awakened

glaciologists to the fact that climate-related processes could cause the near-instantaneous

loss of entire ice shelw.'s.

At the time of the Lar,,en A disintegration, a large tabular iceberg calved from the Larsen

B (designated 'A32', i_litially 1720 km/). This continued a pattern of quasi-periodic, ~50

year, calvings from thls shelf (7). Up to this point, the Larsen B, further south than the

other retreating ice shelves of the eastern Peninsula coast, had not experienced sustained

retreat. However, in addition to the main calving, the northernmost portion of the shelf

front (-550 km 2) brokz up as smaller, elongate icebergs, in the manner of the retreating

shelves to the north (1 I). At the end of these events the Larsen B had an extent similar to

that in 1902, when it was first mapped, and to that inferred for -1950, when an

unobserved calving prl)bably occurred (7). If the periodic, 'stable' cycle had continued,

the shelf would have advanced eastward from this limit (roughly the line between the

eastern tips of Robertson Island and the Jason Peninsula) and calved another large berg

around 2045.
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In astudyof thestressandstrainfieldoftheLarsenB shelf,thislinewasidentifiedasthe

minimumstable ice front position, representedby the easternmosttransversely

compressedice in theshelf(the 'compressivearch')(13). In February,t998,it was

predicted(13)thattheshelfwouldenterabreakupphasewithinafewyearsif thisarch

weredisrupted.Justa few weekslater,a relativelysmallcalvingevent,composedof

sliver-shapedicebergsandsub-kilometerpieces,removedpartof thecompressivearch

line(14).

Retreatof thefront,whilepossiblyacontributingfactortothe breakupof theiceshelves,

appearsto besecondaryto amoresevereenvironmentalinfluence:aprofoundclimate

warming.Surfaceair temperaturesmeasuredat severallong-occupiedresearchstations

in theareashowa meantemperatureriseof 2.5°Coverthelast5 decades(15-20)(Fig.

2). A numberof proxyobservationsalsoindicatewarming.Seaice extentin the

BellinghausenSeato thewestof thePeninsulahasdecreasedby 20%overtheperiod

1979- 1999(21,22),andbothseasurfacetemperatures(23)andtemperaturesin the

mid-oceanhaverisen24). Theair temperatureriseandseaicedeclineisobservedfor

everyseasonof theyear. In summer,thewarminghasresultedin agradualincreasein

thelengthof themeltseason,risingapproximately1dayperyearonaverageoverthe

period1978- 2000(25,26). Causesofthiswarmingareelusive.A complexrelationship

betweentemperatures,winds,andseaicein thisareaandtheSouthernOscillationhas

beenidentified(15,27,28),butacausalsequenceamongtheseclimateindicatorshasyet

tobeestablished.Recently,circulationeffectsresultingfromtheseasonallossof ozone

hasbeenproposedasalikelycontributingfactor(29).
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As the melt season has lengthened, ponded meltwater has begun to appear on the

northernmost shelves during mid- to late-summer. Melt ponds have been observed on the

northern George VI shelf since the 1930s (30), but for the Larsen Ice Shelf they are a

more recent occurrence. A review of late-summer Landsat and AVHRR images of the

Larsen B from 1975 to the present tracks the frequency of melt ponding (Fig. 3, top);

however, the image record is sparse for the earlier years. Comparing this record with

mean summer air temperatures for nearby stations (Fig. 3) indicates that melt ponding on

the Larsen B is associated with mean summer temperatures exceeding -1.5°C at the

Marambio or Matienzo weather stations. Cooler years (1977, 1986, 1994, and 2001)

show little or no ponding. Measured mean temperatures rarely exceeded -1.5°C prior to

1977 (17), and so we infer that melt ponds on the Larsen B must have been rare to

unprecedented until the late 1970s (31). Further, the extent of ponding on the Larsen B

has increased in recent years. Melt ponds were limited to the northwestern corner of the

shelf in 1979 and 1988 (32). During the warmer summers of the 1990s the area marked

by melt ponds gradually expanded to the Crane Glacier outflow and east (Fig. 1). By

January 1998, summer melt ponds were present throughout the northern two-thirds of the

shelf (from Cape Disappointment north to the Seal Nunataks), and from near the

grounding line to the k e front.

After the events of J_nuary, 1995, the National Snow and Ice Data Center (NSIDC)

began monitoring ice shelf activity in Antarctica using visible, near-infrared, and thermal

satellite images (33). This time-series is useful for constraining the timing and causes of

Peninsula ice shelf breakups, and for evaluating the stability of other shelves. Ice shelf

retreat events, showin_ the silver-iceberg calving style, were found to occur when ponded

melt was present at or near the retreating ice shelf front. Disintegration occurred in ice
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that underlay the area of ponds. Timing of these events, in mid- to late austral summer,

also implicated surface melt. The association of melt ponds with late-summer breakups

was observed in a series of minor events on the Wilkins and Larsen B in the late 1990s,

and with retrospective images acquired by NSIDC, in the George VI, Larsen A, Larsen

Inlet, and earlier Wilkins events. Stable tabular-berg calving events do not show this

seasonality, nor the co-location with meltponds (34, 35). The largest breakup events

occur during the warmest summers, implying that ponded meltwater itself, and not

associated winter re-freezing or other causes with less seasonality (e.g., sub-shelf ocean

currents), is responsible (Fig. 3). Further, the sequence of ice shelves losing mass,

beginning with the Wordie, Prince Gustav, and Larsen Inlet, and continuing with the

Wilkins, Larsen A, and finally the Larsen B, follows the trend expected for an air-

temperature related change; the warmest shelves are disintegrating first, then the next

warmest, etc (6).

The associated change in calving style, in which the majority of ice is calved in small

(-10 km 2 and less), often sliver-shaped icebergs, points directly to a change in fracturing

style as the cause of collapse. Major calving events from stable shelves tend to be

dominated by one or a few large tabular bergs. The January 1995 event on the Larsen B,

consisting of a large tabular berg and a region of sliver-shaped crevasses, represents a

transition from stable to unstable behavior.

This spatial and temporal association between melt ponds and breakup is clearly present

in the February-March 2002 event on the Larsen B (Fig. 1). The differences in behavior

between the northern and southern portions of the shelf are particularly illuminating. On

January 31, satellite images revealed that the northern two-thirds of the Larsen B shelf
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wasagainextensively,:overedwithmeltponds.In thefollowingthreeweeks,subsequent

imagesindicatedthatseveralpondsbehindthenorthernshelffront areadisappeared,

whileadjacentpondsremainedvisible.At the front, the calving rate of elongate, front-

parallel icebergs increased significantly between January 31 and February 17, and an

initial breakup event began. 632 km 2 were lost in this event, which, like earlier ones, was

most active in the area near ponds. The southern portions of the shelf, where ponding was

nearly absent, calved fewer, larger icebergs. By February 23 an additional 125 km 2 had

calved. A March 5 image shows a loss of 1960 km 2 over the preceding 16 days, and a

March 7 image reveals the loss of an additional 550km 2. By March 17 (image not

shown), a total of 3373 km 2 of shelf had disintegrated, with the last 2500 km 2 occurring

as a catastrophic disintegration. Extreme disruption of the shelf is indicated by the

brilliant bluish color in the image, typical of the color of interior glacier ice. Further,

moraine material, previously encased within the shelf, is visible as dark bands in the

March 7 image. The lost shelf area lay almost completely within the region of scattered

melt ponds indicated in the January 31 image.

Given the close association of surface melt ponding and ice shelf breakup, we used a

numerical model of ic_-shelf dynamics to evaluate processes by which meltwater could

directly change ice-shelf behavior (7). The model incorporates ice thickness, input flux,

the stress-strain relation for ice, termperature variations within the shelf, and geometry of

the shelf at several stages of retreat, to determine stress field and flow speed.

Comparison of modeled flow speed to observations was used to validate the model (9). A

process in which surface fractures are extended downward by water pressure from

infilling meltwater, previously discussed by Weertman, Hughes, and van der Veen (3-5),

was identified as the most likely connection between the development of melt ponds and
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ice-shelfretreat(Fig.4J. In simulationsof LarsenA andB,pre-existingcrevassesdeeper

than6 to 22meters(dependingonfirn density),if filled90%ormorewithwater,were

ableto penetratetheiceshelfcompletely.Thisoccursbecausetheextrapressuredueto

meltwaterfilling increasesthestressintensityatthecrevassetip. If thesumof stresses

actingonthetip meet_or exceedsthefracturetoughnessof theice (typically30to 80

kPa)(5),thecrevassepropagatesdownward.Propagationhaltswhenthelowersurfaceof

theshelfisbreachedorwhentensilestressdropsbelowthethresholdvalue. Thelatter

casewouldresultfromloweringof thewaterlevelin thecrevasse.Thusareservoirof

meltwater,e.g.,surfaceponds,is requiredtomaintaina waterlevelof atleast> 90%of

thecrevassedepth.A Landsat7 imageacquiredduringapreviouswarmsummerseason

providesstunningevidencethatthisprocessis indeedoperatingontheshelf(insetonFig.

1).

Themelt-enhancedfracturingmodelrequirespre-existingsurfacecrevasseswithin the

shelf.In mid-shelfice where stresses are low, new crevasses are likely to form only near

shear margins or the calving front; however, pre-existing crevasses do not close

completely. This is the case for the thin slow-moving Peninsula shelves. Meltwater is

acting on pre-existing crevasses carried out across the ice shelf by flow, and those

crevasses remain partly open (bridged or snow-filled, but not healed) until meltwater

filling occurs.

The persistence of the George VI shelf (which is only slowly retreating despite decades

of abundant melt ponding) is evidence that shelves can tolerate extensive melt

accumulation if new crevasses cannot form and old crevasses close due to compression.

Extremely confined shelves, like George VI, or shelves where melting occurs in regions
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withoutsurfacecrevas_,,es,will notbesusceptibletobreakup.TheAmeryandFimbulice

shelvesarealsoexamplesof areaswhereextensivepondingoccurswithoutshelfretreat.

In bothcases,meltpondscurrentlyformin areasbehindmajorobstructionsto iceflow,

wherealong-flowandacross-flowtensionis likelytobelow(36).

Whilecapableof explainingmanyobservations,themelt-drivenfracturingmodelaloneis

notsufficientto explainthemostdramaticaspectsof theJanuary1995andMarch2002

events.Neitherthepre-existingcrevassedensitynorthevolumeof meltwaterstoredin

surfacepondsis likely tohavebeengreatenoughtocracktheseshelvesasrapidlyandas

finely asthe final catastrophiccollapsesrequire.Instead,cumulativeeffectsof melt-

drivenfracturingmayresultin iceshelvessounstablethatadditionalprocessesbeyond

typicalcalvingcanoccur.Oneexplanationfor thefinal catastrophicdisruptionof the

shelvesis a domino-liKetippingof narrowintra-shelfblockscarvedby closely-spaced

fracturesresultingfrorr,melt-drivenfracturing(37).

Therelationshipbetweenair temperaturerise,increasedsurfacemelting,meltponding,

andiceshelfdisintegrationprovidesasetof remotelyobservablesurfacecharacteristics

thatcanbeusedto evaluateanyAntarcticiceshelffor susceptibilitytothemeltponding

- fractureenhancementbreakupprocess.Asdemonstratedin Fig.3,meltseasonlength

canbemonitoredbypassivemicrowaveemissionchanges.Radaror scatterometerdata

providesinformationonthefirn structureanddensity.To supportpondedwateron the

surface,theshelffirn mustbeimpermeable.Thisoccursafterrepeatedextensivemelting

eventsin whichsurfacemeltpercolatesdownintoporoussnowpackanddensitiesit to

thepointof impermeability.Thisprocesshasa profoundeffectonthepost-melt-season

radarbackscatterof theupperfewmetersof thefirn (38,39). In areasof near-zero

8/16



melting,snowisa weakabsorberof radar-wavelength(-decimeter)energy,allowingit to

penetratedeepwithin the snowpackwith little backscatterto the radar receiver.

However,withevenmodestamountsof melt,radarbackscatterincreasessignificantly

dueto coarse-grained,radar-reflectiveice layersformedby refreezingof surfacemelt

within thesnowpack.Suchregionsaretermedthe 'percolationfacies'of the icesheet

(39,40). Withincreasingmelt,percolationlayeringincreases,andsoradarbackscatter

increases,makingsomeportionsof theGreenlandandAntarcticicesheetsamongthe

highestbackscatteringsurfacesonEarth.Brightnesspeakswhenthefirn saturateswith

melt layers,creatinga solid,impermeablelayerof ice.At thispoint, increasingmelt

smoothstheuppersurface,resultingin specularreflectionof mostof theradarenergy.

For non-nadir-lookin_radarinstruments,thisreducesbackscatterby directingenergy

awayfromthereceiw_r.Weassumethisgeographic pattern of melt intensity versus

backscatter is an evolu:ionary one as well for ice shelves in a warming climate (41).

The relationship of radar backscatter to surface melt season length clearly indicates the

importance of firn impermeability for Antarctic ice shelves (Fig. 5). Although significant

melt durations occur around much of the Antarctic perimeter, only the Peninsula shelves

are at or approaching firn saturation. The three actively retreating shelf (Larsen B,

Wilkins, and George ¥I) have the longest melt seasons on the continent, and significantly

reduced backscatter. Regions adjacent to these areas, i.e., the southern Larsen B and

northeastern Larsen C, have firn characteristics similar to the active-retreat shelves. With

further warm summers, these areas will likely disintegrate via splinter-style calving,

possibly catastrophically. The more southern parts of the Larsen C are nearly ice-layer

saturated, but do not yet show reduced backscatter.

9/16



It followsfromthemeltpondingandmelt-fracture-enhancementmodelthattheclimate

stabilitylimit of iceshelvesisnearthe-1.5°Cisotherm.Thisvalueandthemodelfrom

whichit is derivedrepresentadistinctionfrompreviousestimatesof thestabilitylimit.

Previousstudiesinferredeithera0°Csummer(orJanuary)limit (1,42),ora-5°C mean

annualtemperatureli;nit (43),from geography:noiceshelveswereobservedin areas

exceedingthesevalues.Oneexplanationfor the-5°C limit wasa decreasein fracture

toughnessof iceasit nearsthemeltingpoint(2).Forthe0°Climit, thehypothesiswas

thattheiceshelfbecomesnearlyisothermal,andthereforsoftandunstablydeformable,

bymeltpercolationinl:otheannualwintercoldwavebeneaththesummersurface(1).For

themodelpresentedhere,meanannualtemperaturemaybeunimportant.Meansummer

temperatureandmelt_;easonlength,impermeabilityofthetim, andtheproximityof melt

pondstopre-existingcrevasses are paramount to shelf stability.. This places several ice

shelves much closer to a threshold of retreat and breakup than previously thought. Much

of the Antarctic perimeter has very low mean annual temperatures (-15 to -25°C) but still

experiences a significant melt season. Summer climate warming and melt season

increases at the rate occurring in the Antarctic Peninsula could render several ice shelves

susceptible to breakup in just a few decades. As illustrated in Fig. 5, the Amery, Fimbul,

West, and Shackleton ice shelves are closest to this limit. To date, none of these shelves

shows anything but ordinary cyclical calving behavior.

Ice shelves partially restrict glacier outflow (44). Once removed, the mass flux of glaciers

draining towards the l'ormer shelves may increase faster than accumulation within their

catchments. Further, meltwater percolation can act on glaciers to increase their flow

speed still further, by reducing the bed resistance to flow. Glaciers formerly feeding the

Larsen A increased flow speed by 50% since its breakup (45). This raises the significance
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of iceshelfdisintegrationfromthatof apassiveindicatorof climatechangeto apossible

stepin raisingsealevel(1). IcemassstoredonthePeninsulais insignificantin termsof

sealevelincrease,butthisisnotthecasewithothericeshelves.Ofparticularconcernis

theRossIce Shelf,intowhichsubstantialportionsof theWestandEastAntarcticice

sheetsflow,eachcontainingiceequaltoseveralmetersof sealevelrise.At present,only

thenortheastern-mostportionof theRossIceShelfexperiencesfrequent(>1dayperyear

onaverage)melting,andbackscattervaluesarerelativelylow.

Glaciologicalandgeclogicalevidencesuggeststhatthecurrentwarmingcausingthe

shelf retreatsin thePeninsulais unusualto unprecedentedin the Holoceneepoch.

Formationof the largestretreatingshelves,with flow-relatedfeaturesfromgrounding

lineto icefront,requiresseveralcenturies,andsosummertemperaturesmusthavebeen

belowthebreakupthresholdfor thatperiod(7). Sedimentsin theseabedbeneaththe

formershelvesprovidea longer-termperspective.Coarsetill-like layersof uniform

provenanceareinterpretedassub-glacialtills fromathickericesheetin thepast.Layers

of fine-grained,biogenic-richmaterialwith highdepositionalrates,or dropstonesof

mixedprovenance,areinterpretedtomeanthatbayswereopen-waterorseasonallysea-

ice-coveredin thepast.In thecaseof thePrinceGustavandLarsenA, afewsuchlayers

withinsedimentcoresindicatetheseareaswerelikelyopenwater2000to 5000YBP,and

possibly700to 1500YBPaswell (46-48).However,sedimentcoresacquiredfromthe

embayedareain front of theLarsenB in 2002showno suchlayersin preliminary

analysis(48).This is interpretedtomeanthat,until thepresentwarming,thisshelfhad

notdisintegratedsincetheLastGlacialMaximum,l2,000YBP.
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FIGURECAPTIONS

Fig. 1. Satelliteimagesof thebreakupandsurfacemeltpondingon theLarsenB ice

shelf.ColorimagesarefromChannel1(red,250meterpixelscale),Channel4 (green,

500meterpixelscale)andChannel3(500meterpixelscale)oftheModerateResolution

ImagingSpectrometer_MODIS)sensorontheTerrasatellite.Pondedmeltwatershowsas

darkbluespotsin theJanuary31image,organizedinto linearpatternsby subtleflow-

relatedfeatureson the shelf surface.The dottedblue line showsthe extentof

disintegrationon March7, 2002,almostexactlyenclosingthe regionof extensive

ponding.Insetimagesin lowerleft trackthedisappearanceof meltpondsin theweeks

priorto breakup.Circledingreenarepondsthatsurvivedthe23-dayperiodafterJanuary

31; in red and blue arepondsthat disappearedby February17 andFebruary23,

respectively.Weinterpretthedisappearanceasduetocrackinganddrainingin theweeks

priortothemaindisintegrationin earlyMarch.TheLandsat7-derivedinsetin theupper

fightprovidesahigh-resolutionviewof thesurface(15meterpixelscale)ina previous

summer,showingfilledanddrainedpondsandwater-filledcrackscoveringthesurface.

Fig.2.Mapof theAntarcticPeninsulashowingclimatetrendsfor selectedstationsand

totalbreakupextentsia squarekilometersfor seveniceshelvesfringingthePeninsula.

Stationtrendsarereportedin °Cperdecade,spanningthelast-45 years(13),exceptfor

Marambio,whererecordsextendbackonlyto 1971(18,50).Theseindicateanintense

climatewarming trendover the entirepeninsulaarea,but not extendingto the

surroundingportionsof Antarctica.Breakupareas(inkm:)andpercentages(6,7,9, 11)

indicatelossof shelfb?'retreat-stylecalvingsince1980,exclusiveof areasthatwouldbe

expectedtocalveundersteady-stateconditions.
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Fig. 3.Trendof climate,melting,andretreatin thenortheasternAntarcticPeninsulaice

shelvesoverthelastthreedecades.Meansummertemperaturetrendsareshownfor three

stations:Marambio(61° 14'S,56° 37'W);Matienzo(64° 59' S,60° 04'W) andLarsen

AWS(66° 57' S,60° 54'W) (18,49).Meltdaysperyearfor a25kmby25km areain

thecentralLarsenB arederivedfromsatellitepassivemicrowaveobservation(26).For

themeltseasonof 1988,anestimateof 20additionaldayswasaddedto accountfor a

lackof satellitecoveragefromDecember3, 1987to January12,1988.Thesummertime

presenceof meltpondsontheLarsenB wasdeterminedfromsatelliteimages.Breakup

eventsareshownwhenthetiming is knownto withina singleyear. Severalminor

breakupsof theLarsenA, LarsenInlet,andPrinceGustavthatoccurredin the 1980s

cannotbepreciselydetermined.TheLarsenB icebergcalvingeventof January1995is

notincludedbecausei__maynotberelatedtoclimate-drivenretreat(49).

Fig.4. Cartoonrepresentationof variablesaffectingpropagationof surfacecrevasses.1.

Withlow,butnon-compressive,resistivestresses,pre-existingcrevassesneitherclosenor

grow. Thissituationts typicalfor manythiniceshelves.2.Lithostaticpressurelimits

the penetrationof air-filledcrevasses.3. With sufficientwaterdepth(small a),the

lithostaticpressureis overcome.Combinedwith theresistivestress,theextraoutward

pressuredueto water-fillingcaninducethefracturetip topropagatedownward.

Fig. 5. a: RAMPimageof Antarcticashowingapproximatebackscatterintensity,with

shelflocationsusedinbplottedascircles;b:Meanmeltdaysperyearversusbackscatter

intensityfor shelf andicesheetareas(51).Melt daysaredeterminedfrom passive

microwavedataby tileXPGRmethod(26).RAMPimagecopyrightCanadianSpace

Agency.Errorbarsindicateone-sigmaerrors.
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Stress intensity at the tip of a crevasse depends on

1. tensile stress; 2. lithostatic stress;

R, d:h density of firn & ice

3. water pressure

a:d (pond)

h

Scambos, Hulbe, Fahnestock Fig. 4

(suggest 1.5 column width for publication)



Radarsat AMM-1 image map of

Antarctica, Sept. - Oct. 1997.
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